Aims/hypothesis We sought to identify the physiological implications of genetic variation at the HLA-DRB1 region in full-heritage Pima Indians in Arizona. Methods Single-nucleotide polymorphisms from the HLA region on chromosome 6p were tested for association with skeletal muscle mRNA expression of HLA-DRB1 and HLA-DRA, and with type 2 diabetes mellitus and prediabetic traits. Results The A allele at rs9268852, which tags HLA-DRB1*02 (1602), was associated both with higher HLA-DRB1 mRNA expression (n=133, p=4.27×10
Introduction
The Pima Indians of Arizona have a high prevalence of type 2 diabetes mellitus [1] . In 1965 a long-term study of the disease and its causes was begun by the National Institutes of Health. Research in this population has resulted in a prototypic definition of type 2 diabetes that is characterised by obesity, insulin resistance, reduced insulin secretion [2] and excess endogenous glucose production. In prospective studies, obesity, insulin resistance and the acute insulin response (AIR) predicted the disease [3, 4] . More than 2,000 Pima Indians have been characterised for HLA genotypes, which has led to the definition of new alleles at the HLA-B, HLA-C and DRB1 loci and descriptions of the distribution and population genetics of HLA variation in persons of full Pima heritage [5] [6] [7] . Recently, 100 K [8] and 1 M [9] single-nucleotide polymorphism (SNP) genomewide association studies have been conducted in this population.
We recently completed a genome-wide gene expression study of skeletal muscle tissue samples from 133 non-diabetic Pima Indians, many of whom were part of a genome-wide 1 M SNP association study to identify genetic determinants of early onset diabetes and prediabetic traits. The expression levels of several skeletal muscle mRNA transcripts in the exon array study had a bimodal frequency distribution, and these transcripts were found to be highly significant expression quantitative trait loci (eQTL), one of which was transcribed from HLA-DRB1 [10] . The aim of the present study was to assess genetic variation at the HLA-DRB1 region and determine its possible role in gene expression and type 2 diabetes. To accomplish this we combined information from a genome-wide association study (GWAS) with serological/DNA HLA typing to identify tag SNPs and tag-haplotypes for HLA-DRB1, and we analysed the association of these variants with skeletal muscle mRNA expression, the prevalence of type 2 diabetes and prediabetic traits such as insulin secretion, thereby revealing a potential mechanism for disease protection and susceptibility. Tables 1-4 and ESM Tables 1-5 were derived from five samples.
Methods

Derivation of analytical samples The analytical groups in
1. Population sample (n=3,501). A population-based sample of persons was chosen from the longitudinal study for typing with specific markers [8] . This sample consisted of all participants with available DNA whose heritage was full Pima and/or Tohono O'odham, a tribe that shares a close cultural and genetic heritage with the Pima. Examinations included measurement of venous plasma glucose concentration 2 h after the ingestion of 75 g of carbohydrate (Glucola; Ames, Elkhart, IN, USA; or Dexcola; Custom Laboratories, Baltimore, MD, USA). Diabetes was diagnosed when the 2 h post-load plasma glucose concentration was 11.1 mmol/l (200 mg/dl) or greater [11] , either at a survey examination or in the course of routine medical care. 2. Prediabetic trait phenotype study sample (n=266). This was a subset of the population sample with normal glucose tolerance who participated in inpatient studies to assess prediabetic traits. All of the participants were normoglycaemic by WHO 1985 criteria (i.e. fasting plasma glucose <7.8 mmol/l and 2 h post-load plasma glucose <11.1 mmol/l) [11] . 3. Expression sample (n=133). This was a subset of the population sample without diabetes who underwent percutaneous skeletal muscle biopsies. 4. GAD antibody study sample (n=208). Subjects with diabetes were selected independently of the present 0  19  3233  rs9268852  32429594  3265  A, G  0.083  30  483  2752  rs9268856  32429719  2907  C, A  0.162  70  802  2035  rs9268858  32429758  3295  C, T  0.074  18  450  2827  rs7766843  32538729  2955  C, T  0.151  63  769  2123  rs9270986  32574060  3082  A, C  0.081  20  458  2604  rs502771  32578970  3292  T, C  0.197  114  1069  2109  rs9271720  32593507  3288  C, T  0.116  41  683  2564  rs9272219  32602269  3274  G, T  0.069  17  415  2842  rs9272346  32604372  3244  G, A  0.007  1  42  3201  rs9272723  32609427  3222  T, C  0.007  0  45  3177  rs9273363  32626272  2871  A, C  0.060  14  318  2539  rs12216336  32967741  3073  G, C  0.123  57  644  2372 study to evaluate the relationship of GAD antibodies with diabetes duration and the need for insulin treatment. They were selected from four groups of participants in the longitudinal population study: newly diagnosed diabetes; long duration of diabetes not treated with insulin; long duration treated with insulin; and diabetic participants who subsequently developed end-stage renal disease from diabetic nephropathy. All individuals were full-heritage Pima. 5. HLA-DR sample (n=613). This was a subset of the population sample that was typed for the HLA-DR locus either by serological or high-resolution DNA methods [6, 7] .
Prediabetic trait phenotype Since 1982, non-diabetic volunteers from the Gila River Indian Community have participated in inpatient studies examining the pathophysiology of type 2 diabetes and obesity. They are admitted to the clinical research unit, where they are fed a weight-maintaining diet (50% of energy from carbohydrate, 30% from fat and 20% from protein) and abstain from strenuous exercise. After 3 days on the diet, volunteers undergo a 75 g OGTT and a series of tests including the assessment of body composition, insulin action in vivo and the AIR to intravenous glucose. Volunteers are asked to return yearly. For the present analyses, only data from the first visit with normal glucose tolerance were analysed. Body composition was measured by underwater weighing with simultaneous determination of residual lung volume by helium dilution [12] or by total body dual energy X-ray absorptiometry (DPX-L Lunar Radiation, Madison, WI, USA) [13] . Body fat percentage was calculated; measurements using the two methods were made comparable using a previously derived equation [14] . Insulin action was assessed at physiological insulin concentrations during a hyperinsulinaemic-euglycaemic clamp [2, 15] . Briefly, after an overnight fast, a primed (1.11 MBq/min) infusion of 3-[ 3 H]glucose infusion was started to determine the rate of postabsorptive endogenous glucose production (EGP). Two hours after starting the isotope infusion, a primed, continuous intravenous insulin infusion was administered for 100 min at a rate of 40 mU/ m 2 body surface area per min. This infusion achieved a steady-state insulin concentration of (mean±SD) 876± 354 pmol/l. Plasma glucose concentrations were maintained at approximately 5.55 mmol/l with a variable infusion of 20% dextrose solution. Blood samples for measurement of 3-[ 3 H]glucose specific activity were collected at the end of the basal period and every 10 min during the final 40 min of the insulin infusion. EGP was calculated using Steele's equation [2, 15] . As described previously, the rate of total insulin-stimulated glucose disposal (M) was calculated for the last 40 min of the insulin infusion, which was corrected for mean glucose and insulin concentrations and EGP during the final 40 min of the insulin infusion [2, 15] . All measurements derived from the glucose clamp were normalised to estimated metabolic body size [16] .
To measure the AIR, blood samples were collected before a 25 g intravenous glucose infusion over 3 min and at 3, 4, 5, 6, 8 and 10 min. The AIR was calculated as the mean increment in plasma insulin concentrations from 3 to 5 min [17] .
Plasma glucose concentration was determined by the glucose oxidase method (Beckman Instruments, Fullerton, CA, USA). Plasma insulin concentrations were measured using the modification by Herbert et al. [18] of the method of Yalow and Berson [19] with an automated autoanalyser (ICN Radiochemicals, Costa Mesa, CA, USA), or using an automated immunoassay (Access, Beckman Instruments), Age ( and values from the final two assays were regressed to the original assay. Gene expression signals were normalised using the robust multichip average method [20] and GC correction. The parameters of the best-fitting bimodal distribution were estimated by maximum likelihood methods after transforming expression data to correct for skewness using the most appropriate Box-Cox parameter, as previously described [10, 21] . Individuals were classified into high and low expression categories of HLA-DRB1 based on these parameters [10] .
SNP genotyping GWAS data (1 M) were obtained as previously described [8] . On the 1 M array there were 22 SNPs with minor allele frequency >0.05 in the HLA-DRB1 region, and there were 359 individuals among those who had participated in the 1 M SNP GWAS who had also undergone serological DNA HLA typing. Seven tag SNPs were selected from among the 22 SNPs which captured the variation in all GWAS SNPs (at r 2 >0.8) and among the serological alleles (r 2 >0.6, since not all could be captured at higher r 2 ). In addition to these tags, six SNPs that were previously reported as having strong associations with type 1 diabetes [22, 23] were selected for further genotyping. The tagger algorithm implemented in the program Haploview (Broad Institute, Boston, MA, USA) was used to select tags [24, 25] . The selected SNPs were genotyped in the population sample using the SNPlex genotyping System 48-plex (Applied Biosystems, Foster City, CA, USA) on an automated DNA capillary sequencer (model 3730; Applied Biosystems).
GAD antibodies Levels of GAD antibody 65 were measured in 208 diabetic participants in this study who were also genotyped for rs9268852. GAD antibodies were measured by radioimmunoassay [26] at the University of Washington.
Informed consent All studies were approved by the Institutional Review Board of the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) and the Gila River Indian Community. All participants gave their informed consent.
Statistics Haplotype frequencies for each of the serological/ DNA HLA-DRB1 alleles were estimated in combination with the three SNPs that were chosen as tags for these alleles (rs9268852, rs9268858 and rs502771) These frequencies were estimated for the 613 individuals in the population with relevant data by the maximum likelihood algorithm with a filter for estimates that approximated 0.0 [27] . The four-locus haplotype frequencies were used to compute the conditional probabilities for assigning HLA-DRB1 alleles to each of the eight haplotypes that result from the three SNPs.
Tests for association were performed with a generalised linear model using the GENMOD procedure in the SAS package (SAS Institute, Cary, NC, USA). The REPEATED option was employed to account for the correlations among sibs, while the significance of the regression coefficients was calculated by comparison of each coefficient with its standard error. To estimate the odds ratio (or other relevant parameter) associated with HLA-DRB1 alleles, the DRB1 alleles were assigned at random to all persons in the sample with probability conditional on the observed tag haplotypes (or conditional on rs9268852 alone when only DRB1*02 was of interest), and this random assignment was used in the model. To account for the variation in the conditional assignment of the alleles, this was then repeated 1,000 times, and the mean of the estimates over all 1,000 replicates was taken as the parameter estimate for each model.
To account for the non-normal distribution of the GAD antibody data, differences stratified by HLA-DRB1*02 were assessed by the Wilcoxon rank-sum test.
Results SNP rs9268852 associated with type 2 diabetes and DRB1 mRNA expression We genotyped 13 SNPs in the HLA region of chromosome 6 in the population sample ( Table 1) . The hypothesis of a Hardy-Weinberg distribution of genotypes could not be rejected for any of the loci (electronic supplementary material [ESM] Table 1 ). Four of the SNP loci were significantly (p<0.05) associated with type 2 diabetes; the strongest association was with rs9268852, with a nominal p value of 0.004 ( Table 2 ). The A allele at this SNP was associated with a lower prevalence of type 2 diabetes (OR 0.71). Using a dichotomised model for high and low expression, this allele was also strongly associated with higher levels of mRNA expression in skeletal muscle at the HLA-DRB1 locus (p=4.27×10 −14 ; ESM Table 2 ).
Tag haplotypes for HLA-DRB1 alleles Allele rs9268852*A alone acted as a tag SNP for HLA-DRB1*02 such that the probability of HLA-DRB1*02 was 0.9436 on chromosomes that carry rs9268852*A (r 2 =0.934; ESM Table 3 ). There were four common haplotypes among the three SNPs (rs9268852, rs9268858 and rs502771) that were identified as having the best potential for tags, and each of these tagged one of the common serological alleles. These four tag haplotypes defined the HLA-DRB1 variation in fullheritage Pima Indians with moderate to high probability (ESM Table 4 ): haplotype *A-*T-*T tagged HLA-DRB1*02 with r 2 =0.957; haplotype *G-*C-*T tagged HLA-DRB1*04, r 2 =0.822; haplotype *G-*T-*T tagged DRB1*08, r 2 =0.779; and *G-*T-*C tagged DRB1*14, r 2 =0.630.
DRB1 tag haplotypes and DRB1 mRNA expression In a generalised linear model DRB1 mRNA expression, as a continuous variable, was strongly and positively associated with HLA-DRB1*02 (p<0.00001; ESM Table 5 ). Alleles DRB1*04 and DRB1*08 and the covariates age, sex and birth year were not significantly associated with DRB1 mRNA expression in the model. There was no association of the DRB1 alleles with HLA-DRA mRNA expression in the skeletal muscle tissue samples (ESM Table 5 ).
DRB1 tag haplotypes, type 2 diabetes and prediabetic traits The allele HLA-DRB1*02 was associated with a lower prevalence of type 2 diabetes (Table 3) , while DRB1*04 and DRB1*08 showed no association in the model. Age-adjusted prevalence, stratified by DRB1*02, is shown in ESM Fig. 1 . In 236 full-heritage Pima Indians with normal glucose tolerance, HLA-DRB1*02 was associated with a higher mean AIR during a 25 g IVGTT adjusted for, age, sex, body fat percentage and insulin sensitivity (Table 3) . DRB1*02 was also associated with higher mean 30 min insulin concentration during a 75 g OGTT, adjusted for age, sex, body fat percentage, insulin sensitivity and 30 min glucose. There was no association of DRB1*04 or DRB1*08 with AIR or the mean 30 min insulin concentration (Table 3) . The unadjusted data for plasma insulin and glucose concentration during an IVGTT were plotted by intervals of 1 min stratified by presence/absence of the allele (Fig. 1a, b) . For each of the 10 min intervals, persons with HLA-DRB1*02 had a higher mean insulin concentration, while there was no difference in mean plasma glucose concentration between persons with and without the allele. For similar unadjusted data for the OGTT test, mean plasma insulin concentrations 30 and 60 min post-load were higher for persons with DRB1*02, while their plasma glucose concen- Table 4 ) for those with DRB1*02 trations were lower (Fig. 2a, b) . These data are consistent with higher insulin secretion in HLA-DRB1*02 carriers mediating a lower level of glycaemia after the oral load. There was no association between insulin sensitivity and imputed DRB1 alleles, as assessed by a hyperinsulinaemiceuglycaemic clamp (M). However, there was a nominally significant (p=0.047) association with HLA-DRB1*08, such that carriers tended to be more insulin sensitive.
Imputation of HLA-DRB1*02 by tag SNP rs9268852 alone With the exception of DRB1*08 and insulin sensitivity, alleles DRB1*04 and DRB1*08 were not significantly related to the dependent variables in Table 3 ; the analyses were therefore repeated with DRB1*02 assigned by the tag SNP rs9268852*A alone. Since only a single SNP was required for these analyses, the number of persons available for assignment in the model increased, for type 2 diabetes, from 2,892 to 3,265 and, for prediabetic traits, from 236 to 266. Similar statistically significant results were obtained (Table 4 ). In addition, there was an association between HLA-DRB1*02 and body fat percentage adjusted for age and sex, such that carriers of HLA-DRB1*02 had higher levels of body fat (despite the lower risk of diabetes) ( Table 4) .
Imputed DRB1 alleles and GAD antibodies Patients with diabetes who were DRB1*02+ had a lower mean level of GAD antibodies (n=38, mean antibody units 0.038 vs DRB1*02−, n=170, 0.061 antibody units). The antibody level was ≥0.15 antibody units in 10 (6.0%) of the 170 participants without DRB1*02 (ESM Fig. 2 ), but in none of the 38 participants carrying the allele. However, the Wilcoxon two-sample test for the difference in distributions was not significant (p=0.143).
Discussion
We found that the A allele at rs9268852 was associated with higher expression of DRB1 mRNA, lower prevalence of type 2 diabetes and increased insulin secretion in response to an intravenous and oral glucose load. In addition, while not reaching statistical significance at p< 0.05, the mean level of GAD antibodies was lower, which is consistent with a previous report in a large number of Japanese people with age at onset >20 years [28] . In the Pima population rs9268852*A is highly concordant with HLA-DRB1*02. From a previous study of the highresolution HLA variation in full-heritage Pimans, it is known that the molecular allele is HLA-DRB1*1602 [7] .
We hypothesise from these data that the HLA-DRB1*02 (1602) allele reduces the risk of type 2 diabetes because it confers greater ability to maintain self tolerance during ageing and therefore protects from an autoimmune-mediated reduction in insulin secretory function, either by a loss of beta cell mass or interference with early insulin release. This would also explain the lower level of GAD antibodies. The association of HLA-DRB1*1602 with increased mRNA expression of locus DRB1 would also be consistent with this hypothesis if there were a protective dosage effect in antigen-presenting cells. Increased expression of the HLA-DR heterodimer with the DRB1*1602 β chain might lead to a higher density of peptide-presenting molecules on the surface of the cell that are available to T cell recognition and thereby amplify the maintenance of self tolerance.
de Bakker et al. [29] reported that the best tag SNP for HLA-DRB1*02(1502) in persons of European descent is rs3135388, which is highly concordant in HapMap Phase II with rs9270986. Locus rs9270986 is strongly associated with type 1 diabetes [22] and with type 2 diabetes in the Diabetes Genetics Replication and Meta-analysis Consortium (DIAGRAM) study [30, 31] . In Pimas we found that rs9270986 was also associated with diabetes (Table 2) and was strongly concordant with rs9268852, our primary DRB1*02 tag. Haplotype rs9270986*A-DRB1*02 exhibited strong, positive genetic disequilibrium in Pima Indians (n= 732, D=0.075, D′=0.983). A meta-analysis for rs9270986 (R. Hanson, unpublished results), which combines the Pimas with DIAGRAM, gives a pooled (n=13,210) OR of 0.83 (95% CI 0.77-0.90) and improves the evidence for association by an order of magnitude (p =5.5×10 −6 ).
Although this does not achieve conventional thresholds for genome-wide significance, this is nonetheless strong evidence of association, particularly given that this SNP has one of the strongest associations with type 1 diabetes [22] . While the association of type 2 diabetes with HLA variants in the Europeans in DIAGRAM might be attributable to misclassification of type 1 diabetes, the similar association in Pimas makes this less likely as type 1 diabetes is virtually absent in this population [32, 33] . Since 1977 [34] , the inverse association between HLA-DRB1*02 and type 1 diabetes has been reported in many different ethnic groups [35] [36] [37] [38] . The investigators of the Type 1 Diabetes Genetics Consortium recently reported that persons with HLA-DRB1*02 are protected from the disease [39] . The high-resolution molecular subtypes of DRB1*02, *1501, *1502 (in European populations) and now *1602 all share the property of protection, not risk. It is possible, therefore, that protection from diabetes is a property common to all of the HLA-DR2 functional DRA1-DRB1 heterodimer molecules and not the unique property of one high-resolution allelic subtype of HLA-DRB1*02.
In persons with type 1 disease a well-defined spectrum of autoantigens, including GAD, contribute to the loss of self tolerance and autoimmune diabetes mellitus [40, 41] , the highest risk factor being the number of kinds of autoantibodies [42] . In Finland, GAD antibodies were predictive of insulin deficiency [43] . It has also been shown that DRB1*02, either *1501 or *1502, can moderate the effect of extreme levels of autoantibodies to GAD [44] .
There is no direct experimental evidence of loss of self tolerance with ageing that is arrested by allele DRB1*02. However, a mechanism for this protection is suggested by transgenic mouse experiments in which the human HLA-DRB1 and/or DQB1 alleles are spliced into the mouse genome, after which the animals are injected with rat GAD antigen, an autoantigen homologous to that of the mouse. The presence of protective HLA-DRB1*02(1502) prevented the generation of a self-reactive response and insulitis, whereas splicing of the susceptible allele DRB1*0301 generated a response to the homologous rat GAD protein [45, 46] . Schadt et al. [47] reported a strong association between SNP rs9272723 and expression of the nearby gene HLA-DRB1 in a study of 400 human liver samples. Zhong et al. [48] recently combined data from genome-wide association and mRNA expression studies and identified HLA-DRB1 as an important antigen processing and presentation pathway in type 2 diabetes. We know of no previous data on the relationship between an HLA-DRB1 allele and mRNA expression.
The major strength of the present work is the combination of clinical and physiological data with measures of gene expression and HLA SNP genotyping in a culturally and genetically homogeneous population. A weakness of the study is the relatively small number of participants, which leads us to treat the significance levels of the analyses with caution and to emphasise the need for replication in other populations.
The decreased risk of diabetes in people who have DRB1*02 in this population may raise the question whether the diabetes that occurs is a form of latent autoimmune diabetes of adults (LADA). Generally accepted diagnostic criteria for LADA, as developed by the Immunology of Diabetes Society, are onset above the age of 30 years, the presence of autoantibodies and no requirement for insulin treatment for at least 6 months after diagnosis [49] . Patients with LADA are also often lean [49] . The clinical phenotype of diabetes in the Gila River Indian Community is more consistent with that of type 2 diabetes, i.e. affected individuals are obese, insulin resistant, as well as having reduced insulin secretion, and often go for years without an absolute requirement for insulin therapy [1] . The diagnosis of LADA is not appropriate for most people with diabetes in this population and we doubt the utility of this definition, as suggested by others [50] . The important implication from the present work is that there appears to be an autoimmunemediated loss of insulin secretion in those who do not have DRB1*02, apparent even in young individuals with normal glucose tolerance. This loss of insulin secretory function increases the risk of diabetes-the categorical definition of which is most consistent with type 2 diabetes mellitus.
Identifying the mechanism of HLA-DRB1*02 protection from type 2 diabetes is an important area for future research. If a gradual loss of self tolerance during ageing contributes to susceptibility to type 2 diabetes, then methods need to be developed to monitor the incidence of autoimmune antibodies, their nature and target, and their strength. This study provides compelling evidence that the two major categories of diabetes, type 1 and type 2, are in many cases a manifestation of a more general syndrome, which has a common association with HLA class II loci. The protective associations of HLA-DRB1*02 with type 1 and type 2 diabetes and, in particular, insulin secretion, offer a direction for future research to define the detailed mechanics of HLA in protection from and susceptibility to diabetes in humans.
